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SYNOPSIS

Using the free volume theory, general relations between viscometric and volumetric prop-
erties of polymers as functions of temperature and deformation conditions (shear rate or
shear stress) have been derived. In particular, it has been shown that thermal expansion
of polymers can be calculated from viscometric data. The obtained relations have been
applied for description of the rheological behavior of polymer blends. Theoretical predictions
have been compared with experimental data. Good agreement between theory and exper-
iment has been stated if rheological properties of blends were compared at a constant

shear rate.

INTRODUCTION

The concept of the free volume considered as an
empty space between molecules resulting from their
thermal motions and steric effects can be very useful
in explaining many phenomena and properties of
various polymer systems in different physical states.
This concept has been successfully used for expla-
nation of temperature and pressure dependences of
viscosity, ! the plasticization mechanism,? the effect
of molecular weight® and of a gas addition* on vis-
cosity, etc.

In our previous paper,® an attempt was made to
apply the free volume theory for prediction of rheo-
logical properties of molten polymer blends. This
approach leads to the conclusion that the rheological
behavior of blends of known composition at defined
temperature and deformation conditions (shear rate
or shear stress) can be characterized only if the vis-
cosities, specific volumes, and thermal expansion
coefficients of components and the specific volume
of blend are determined.

This paper deals with some problems which arose
from these studies. The most important of them are:
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¢ Elimination of the thermal expansion coeffi-
cients due to the fact that both the thermal
expansion and the temperature dependence of
viscosity result from temperature changes of
the free volume.

o Determination of the specific volume as a func-
tion of deformation conditions (shear rate or
shear stress).

e Experimental verification of some previous as-
sumptions related to the properties of polymer
blends.

THEORETICAL

General Treatment

The free volume effect on viscosity of many polymer
systems can be analytically described using the
Doolittle equation®:

Vo

Iny=C+B
ny v,

(1)

where V; = occupied volume, V; = free volume, and
B and C are material constants independent of tem-
perature (B is approximately equal to unity?). Be-
tween the specific volume V and the quantities V;
and V, there exists the following relationship:
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V=V +V, (2)

Generally it can be assumed that both V;and V; are
linear functions of temperature 7, i.e.,

2 2
8%V _ Vo _ )

oT*  9T*®

The thermal expansion coefficient of any individual
volume appearing in eq. (2) can be defined in the
following way:

190V, dlny
Ki=——=

V; T aT

(4)

For molten polymer systems it can be assumed
that the thermal expansion of the occupied volume
is much smaller than that of the free volume. This
is due to the fact that the thermal motions of atoms
responsible for the expansion of the occupied volume
are small as compared to the motions of whole mol-
ecules being an origin of the expansion of the free
volume. This statement can be formulated as fol-
lows:

K 2 Ko (5)
Differentiating both sides of eq. (1) with respect to

temperature and taking into account expression (4),
one obtains

—_gYo . _
9T = BVf (Kf Ko) (6)

Further differentiation of eq. (6) with the use of
assumption (3) leads to

%In g
aT*

1%
=2vi9xf(xf—xo) (7)

Substituting expression (6) into (7), one obtains

(8)

__1621nn dlng
T T [ T

The value of V,/V; can be calculated from eq. (6),
neglecting k¢ according to (5) and substituting for
ks expression (8):

Vo 2[0lng]? /d%Iny
L_Z = 9
2 B[ aT]/ a1~ © )

Suitable values of free and occupied volumes can be
calculated from egs. (2) and (9):

Vv

=176 (10)
ov

Tive )

The thermal expansion coefficient of specific vol-
ume of melt, k, can be obtained differentiating eq.
(2) with respect to temperature and applying
expressions (4), (6), and (8):

+lalnn 1
B 4T 1+0O

(12)

K = Ky
On other hand, the differentiation of eq. (10) with

the use of (4) gives

_ @1
KTMTAT1+ 0

(13)

Since both sides of eqs. (12) and (13) should be
equal, the following relationship holds:

iélnn:@
B 9T oT

(14)

This nonlinear differential equation of third order
can be easily solved to obtain the functional depen-
dence or viscosity on temperature in the form

Inp=K+

T+ D (15)

where A, D, and K are the constants of integration.
Subsituting expression (15) into (9), one obtains

R (16)

From egs. (1), (15), and (16), it follows that K
=(, i.e., eqs. (1) and (15) describing viscosity in
terms of the free volume variations or temperature
variations are equivalent. Assuming D =0QorD =T,
in eq. (15), one obtains two useful forms corre-
sponding to the Arrhenius and Fulcher-Tamman
equations, ! respectively.

The above analysis shows that many factors de-
scribing the properties of polymer systems can be
calculated if the functional dependence of viscosity
on temperature is known. In particular, from egs.



(8), (9), and (12) it follows that the thermal ex-
pansion coefficient of melt, «, calculated from vis-
cometric data [egs. (15) and (16)] takes the form

aanz_lalnn 1
T B 4T O(1+6)

(17)

Considering expression (17), eqs. (9)-(11) are
equivalent with those derived in our previous work?®
except that the estimation of free and occupied vol-
umes requires no additional, independent measure-
ments of the thermal expansion coeflicient, but only
the measurements of specific volume V at a given
temperature and deformation conditions (shear rate
or shear stress).

Experimental determination of specific volume
of melts is usually done at static conditions, i.e., in
the absence of the shear stresses. The specific vol-
ume measurements for polymer systems subjected
to the shear flow are theoretically possible but very
difficult for practical performance with a suitable
accuracy.

Theoretical calculation of the shear effect on spe-
cific volume can be done assuming that the occupied
volume of a system V is independent of shear rate
or shear stress. Taking into account expression (11),
one obtains the following relationship for calculation
of the specific volume as a function of the shear rate
or shear stress:

_1+606,
1+6,0

Vv, (18)

where O, and V, are the values of parameters O and
V, respectively, determined at static conditions, i.e.,
practically in the Newtonian flow region. The values
of © should be determined either at a constant shear
rate or a constant shear stress.

Applications to Polymer Blends

The general relations derived above can be applied
to polymer blends only if the rules of changes of the
quantities defined by eq. (1) with varying blend
composition are known. According to our previous
paper,® one can assume that:

(a) The occupied volume of blend Vy, is an ad-
ditive quantity, i.e.,

Voo = 20 w; Vy; (19)

=1
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(b) The free volume of blend Vj, is a nonaddi-
tive quantity, i.e.,

Vi = 2 wi Vi + Fw;, w;, w,)  (20)

i=1

where the function F describes the nonad-
ditivity of the free volume and can be cal-
culated from equation:

F=V,- 2 wV; (21)

i=1

(¢) The material constant C (C,) fulfils the fol-
lowing condition:

Cy, = 2 wiC; (22)

i=1

(d) The material constant B is independent of
the blend composition.

In egs. (19)-(22) the following symbols have been
used: w; = weight fraction of ith component: Vy;
= occupied volume of ith component; V;; = free vol-
ume of ith component; V; = specific volume of ith
component; V, = specific volume of blend, and C;
= material constant of ith component.
Substituting eq. (11) into (19), one obtains

_ 6, 2 O,
VOb_—1+eb Vb—Zwi—1+ei V. (23)

i=1

According to (18), expression (23) should be in-
dependent of deformation conditions and can be ap-
plied for experimental verification of additivity of
occupied volume.

The identity of material constants C and K in
egs. (1) and (15), respectively, which has been
shown above, makes possible the experimental ver-
ification of expression (22). Substituting the K val-
ues for blend and pure components calculated from
(15) and (18) into (22), one obtains

n

In 9, — BO, = 2 w;(In 9, — BO;) (24)

i=1

If the additivity of the material constant C for
blends holds true, eq. (24) can be used for direct
calculations of the viscosity of blends of known
composition and properties of pure components. For
this purpose the value of the parameter O, in eq.
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(24) should be replaced by a value which can be
obtained from experiments independent of mea-
surements on the blend viscosity as a function of
temperature and deformation conditions.

In the general case, the parameter 6, should be
assumed to be a function of temperature and defor-
mation conditions (shear rate or shear stress). A
method which makes possible the calculation of the
value of O, at any shear rate from experimental data
obtained at some reference conditions (e.g., at very
low shear rate in the Newtonian flow region) will
be described below.

For this purpose expression (1) should be differ-
entiated with respect to the shear rate v at constant
shear stress 7, taking into account that the occupied
volume V), is independent of shear rate:

][] f222]

dy dy ay
Differentiation of eq. (22) gives

3C,] _ & [ac,
[a&], E“"[a&l (26)

Since
T =y (27)

the application of eq. (25) separately for blend and
pure components and the use of (26) leads to the
following result:

= Z w; Vo

i=1

-1
Vob["—av £ ]

v i
dy

w] o
The derivatives in eq. (28) are very difficult to in-
terpret since they do not relate to constant temper-
ature. To obtain a relationship between suitable de-
rivatives at constant shear stress and constant tem-
perature, the total differentials of n and V; as
functions of shear rate and temperature should be
taken into account:

an on .
dy = [—] daT + [—] dy (29)
T B )y
av; oV; .
dV,=|—| dT+|—=]| d 30
! [37’]& [G?JTY (30)

Dividing both sides of egs. (29) and (30) by dT at
constant 7 and rearranging, one obtains

dln 7 dlnn
oT B aT |
dln gy dlny
=1- ; - 31
v ! av ;!
arT B oT |,
anl] /[an”l]
=1- ; - 32
[ a'Y T a‘)’ T ( )

On the other hand, from egs. (5) and (6) after some
transformations, it follows that

dlng dlmqg] [ov, av ;! (33)
oT |. aT T | oT
5% T y T
Considering expressions (27) and (31)-(33), one
obtains the following end result:

-1 -1 -1
[8V, ] =_[61n17] [BV'f ] (34)
T T T

oy dln vy Ay

In the region of the power law applicability, eq.
(34) reads

vt 1 [ovj!
L | = . 3
[37 ] 1—n[37 T (35)

where n is the power law exponent. Substituting eq
(35) into (28) and integrating (V, and n are inde-
pendent of shear rate), one obtains

Voo
1- ng

(Vg -V

Vi
1-— n;

=2 w; (V7 -V (36)
i=1

where V,, and V,; are the free volumes of blend and
pure components at some reference shear rate, re-
spectively.

Since the occupied volume is independent of shear
rate, eq. (36) can be expressed in terms of the pa-
rameter O defined by (9) in the following manner:

1

- n;

9b=9,b+(1—nb) z w,»l [el ﬁeri] (37)

=1

where O,, is a value of O, at some reference shear
rate, and



n

n, = 2 win, (38)

=1

The last equality follows directly from assumption
(22), the identity of constants C and K in egs. (1)
and (15), and from the fact that the constant K as
a function of shear rate is commonly represented
by’

K=Ky—-(1—-n)lny (39)

The dependence of the parameter © (©') on the
shear stress 7 can be easily derived in a very similar
way:

1—nb

0,=0, +

S w, —— [0 - 0] (40)

ny i=1 1- n;

In this case O/, corresponds to a value of O}, at some
reference shear stress.

As has been mentioned above, the direct calcu-
lations of blend viscosity by means of eq. (24) can
be done if the parameter O, is known. This quantity
as a function of shear rate or shear stress and tem-
perature can be calculated from eq. (37) using the
reference value O,,, which should be determined
from independent data. There are at least two ways
to evaluate O,,:

(a) From eq. (16) if the values of parameters
A, B, and D in Fulcher-Tamman or Ar-
rhenius equations for blend were deter-
mined at some shear rate (shear stress) and
temperature, i.e., in reference state.

(b) From the equation

Voo

e" B ————
* Vo~ Vo

(41)

if the specific volume of blend in reference
state V,, was measured. The value of Vg,
can be calculated from (23) using suitable
properties of pure components.

Another method making possible the di-
rect calculations of the blend viscosity from
experimentally determined specific volume
and thermal expansion coefficient was de-
scribed in our previous paper.®
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EXPERIMENTAL

Using isotactic polypropylene (iPP), Malen P, and
hydrogenated block copolymer isoprene-styrene
(EP/S), Shellvis 50, a number of blends of different
compositions have been prepared. The obtained
iPP-EP/S blends have been investigated to deter-
mine their viscosity (as a function of shear rate and
temperature ) and specific volume (at very low shear
rate as a function of temperature). Details of prep-
arations and measurements have been reported in
Refs. 5 and 8. In the present work the temperature
dependence of viscosity at very low shear rates cor-
responding to the conditions of the specific volume
measurements has been additionally determined.

RESULTS AND DISCUSSION

Equations (15)-(17) suggest that the thermal ex-
pansion of different polymeric systems can be di-
rectly determined from their rheological behavior if
the functional dependence of viscosity on temper-
ature at given shear rate or shear stress is known.
Assuming the validity of Fulcher-Tamman or Ar-
rhenius equations for B = 12 from expressions (15)-
(17), it follows that:

—Fulcher-Tamman equation:

dlnV 1
= . 42
oT A+T-T, (42)
—Arrhenius equation:
dlnV 1
= - (43)

T E/R+T

The results of our previous and present mea-
surements on rheological and thermal properties of
iPP-EP /S blends are summarized in Table 1. Table
II presents experimental data on similar properties
of other polymer systems which were reported in
the literature.® In all cases the values of the thermal
expansion coefficient were calculated at 453 K. The
parameters of the Fulcher-Tamman equation for the
iPP-EP/S system have not been estimated since
the rheological measurements were carried out in
the region of high melt temperatures in which the
errors connected with the estimation of A and T,
were very large.

From Tables I and I1 it can be seen that the values
of the thermal expansion coefficients calculated from
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Table I Some Properties of iPP—EP/S Blends

Copolymer n E; (kd/mol) E, (kd/mol)
Content kg X 10* ka X 10 E,

(wt %) (K™ K™ 448 K 493 K (kJ/mol) 20 571 500 s7! 8 MPa 12 MPa

0 7.71 2.92 0.402 0.418 24.29 22.33 20.47 47.56 46.06

5 7.15 2.96 0.401 0.415 24.75 22.51 20.52 49.70 47.90

10 6.94 2.87 0.400 0.416 25.21 23.01 20.55 51.11 48.94

15 6.78 2.82 0.402 0.413 25.75 23.30 20.57 51.47 49.46

20 7.57 2.69 0.389 0.410 26.92 24.03 20.57 52.98 50.87

25 7.87 2.71 0.381 0.400 27.14 24.07 20.58 53.54 52.03

50 7.44 2.58 0.330 0.368 28.48 25.11 20.69 60.53 57.44

75 7.16 2.36 0.279 0.325 31.48 27.60 20.94 73.24 67.50

100 6.90 2.03 0.258 0.318 37.17 29.44 21.01 104.76 95.03

expression (43) corresponding to Arrhenius equa-
tion (k4) are about 3-10 times smaller than those
calculated from direct measurements («gz), i.e., from
the dependence V = V(T'). The suitable values of
thermal expansion coeflicients for different polymers
obtained from expression (42) corresponding to the
Fulcher-Tamman equation (xr) presented in Table
IT are similar to ;. Hence, the Fulcher-Tamman
equation is probably more appropriate for descrip-
tion of the temperature effect on thermal properties
of polymers.

Table II also presents the values of the parameter
O calculated from (16) for material constants cor-
responding to the Arrhenius equation (0,) and the
Fulcher-Tamman equation (O;), respectively. For
the majority of polymers both values differ by no
more than 35%. These differences do not seem to
be too large, taking into account that the citied ex-
perimental data probably correspond to different
types of polymers measured at different conditions.
Therefore, in narrow temperature intervals the value
of © (but not «!) can be approximately defined as
E /RT using the Arrhenius equation.

Experimental data from Table I make it possible
to estimate the effect of shear rate or shear stress
on specific volume variations according to eq. (18).
Assuming that O, corresponds to E,/RT and O to
E./RT, it can be stated that in the temperature
interval 448-493 K an increase of relative specific
volume V/V, with increasing shear rate does not
exceed 6-7% (for pure EP/S copolymer).

Figure 1 presents the experimental verification
of additivity of occupied volume as given by eq. (23)
at two extreme temperatures for iPP-EP /S blends.
The parameter O has been defined as E,/RT and
the activation energy E, (Table I) corresponds to
the conditions of specific volume measurements, i.e.,
to low shear rate values. It can be seen that the
linearity of occupied volume can be assumed inde-
pendently of temperature. A temperature rise, how-
ever, leads to an increase of occupied volume, which
testifies to some small thermal expansion of the oc-
cupied volume.

Figure 2 presents the dependence of the material
constant C on blend composition at two different
shear rates and 448 K for iPP-EP/S system cal-

Table II Comparison of Different Thermal Properties of Polymers Resulting

from the Free Volume Theory

kg X 10* kp X 10* k4 X 10*

Polymer K™ (K™ (K™ Or o,
Poly(methyl metacrylate) 6.05 3.67 0.56 17.79 28.50
Poly(a-methylstyrene) 541 4.59 0.65 27.27 33.19
Polystyrene 5.19 5.19 0.99 14.06 21.24
Polypropylene 5.45 4.89 1.70 7.29 11.95
High density polyethylene 6.08 5.57 2.89 5.02 6.64
Low density polyethylene 7.03 4.93 1.90 7.68 10.62
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Figure 1 Effect of composition and temperature on oc-
cupied volume of iPP-EP/S blends: ( ) theoretical
calculations. Experimental data: (O) 448 K; (X) 493 K.

culated from experimental data by means of eq. (24).
Experimental points obtained for other tempera-
tures have not been marked since their positions
practically do not differ from those corresponding
to 448 K. It can be stated that for the iPP-EP/S
blends the quantity C, (determined at a constant
shear rate) linearly depends on the blend compo-
sition according to assumption (22).

¢ 65

6.0 X X X

L5 : A . L

0 20 L0 60 80 100
copolymer content [wt. %]
Figure 2 Effect of blend composition on material con-

stant C, at different shear rates: ( ) theoretical cal-
culations. Experimental data: (X) 20s™!; (O) 500 s 1.
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Figure 3 presents similar dependence as that in
Figure 2 but calculated for two different constant
shear stresses and temperature 448 K. It can be seen
that in this case a slightly nonlinear course of C,
with varying blend composition occurs. It is difficult
to decide whether this behavior is a general rule for
any system or it can be treated as a special case. To
clarify this question further, experimental studies
of other systems are indispensable.

The effect of shear rate on the parameter O for
blends of different composition is described by eq.
(37). Assuming that O can be defined as E/RT,
this equation takes the form

1
1—nb

[Ew — Ex)

1
1—n,~

=2 w; [Ey — Ey] (44)
i=1

where the subscripts 1 and 2 correspond to values
of the activation energy E determined at two dif-
ferent constant shear rates. Similarly, for the shear

10

0 1 1 1 1
0 20 40 60 80 100
copolymer content [wt. %)

Figure 3 Effect of blend composition on material con-
stant C, at different shear stresses. Theoretical calcula-
tions: (- — —) 8 MPa; ( ) 12 MPa. Experimental data:
(O) 8 MPa; (X) 12 MPa.
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stress dependence in the strength of equation (40),
one obtains

n,
1—”— [Ey — Ef]
—

. n; , ,
=2 w; 1 [Eyi — E%] (45)
i=1 T

In this case the subscripts 1 and 2 correspond to the
activation energy E' determined at different con-
stant shear stresses.

Figure 4 presents the comparison of experimental
data with theoretical dependence (44) for the iPP-
EP/S system at temperatures 448 and 493 K. The
activation energies for blends and pure components
have been evaluated at shear rates v, = 20 s ! and
2 = 500 s 1. It can be seen that the agreement be-
tween experimental and theoretical values is satis-
factory.

A similar comparison to that in Figure 4 but cor-
responding to eq. (45) is shown in Figure 5. The
suitable activation energies have been determined
at 7, = 8 MPa and v, = 12 MPa.

In this case considerable deviations of experi-
mental data from the linearity predicted by eq. (45)
occur. This behavior was very probable, since the
material constant C, is also a nonlinear function of
composition as has been shown above, and eq. (45)
was derived assuming the linearity of C,.

LA SR}

1-h

1 1 i

0 20 40 60 80 100
copolymer content [wt. %]
Figure4 Effect of blend composition on differences be-
tween activation energies determined at constant shear
rates v, = 20 s”! and ¥, = 500 s71: ( ) theoretical
calculations; (O) experimental data.

U 1 1 1 L

0 20 40 60 80 100
copolymer content [wt. %)

Figure5 Effect of blend composition on differences be-
tween activation energies determined at constant shear
stresses 7, = 8 MPa and 7, = 12 MPa: ( ) theoretical
calculations; (O) experimental data.

Figure 6 shows the dependence of viscosity of
iPP-EP/S blend on its composition for different
temperatures and shear rates. Theoretical depen-
dence represented by solid curves was calculated ac-
cording to eq. (24) with the parameter O, defined
as E,/RT and determined from expressions (37),
(38), and (44). Activation energies at ¥ = 500 s ™!
have been used as reference quantities. The broken
lines represent the theoretical dependence which was
also calculated from eq. (24) but the parameter O,
was determined from egs. (23), (37), (38), and (41).

It can be seen that in the first case (solid line)
the agreement between theoretical and experimental
data is very good. In the second case, however, dis-
tinct deviations of experimental data from theoret-
ical curves occur. This is probably due to the fact
that the reference state corresponds to the condi-
tions of specific volume measurements, i.e., to low
shear rates. In this region the slope of the flow curve
in logarithmic coordinates is not constant but de-
pends on shear rate. Hence, the integration of eq.
(34) should lead to a result other than that given
by (35) for the constant slope. The last equation
has been applied for derivation of expression (37).
Moreover, the quantity O,, defined by eq. (41) can
be determined only indirectly from many indepen-
dent experimental data. It should be treated as an
additional source of errors. For these reasons the
method of viscosity calculations based on measure-
ments of the specific volume of a blend in the ref-
erence state is probably less effective than that re-
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Figure 6 Effect of blend composition on viscosity of
iPP-EP/S blends at different shear rates and tempera-
tures: ( ) theoretical calculations based on measure-
ments of activation energy of blend in reference state;
(- - —) theoretical calculations based on measurements of
specific volume of blend in reference state. Experimental
data: (A) shear rate 20 s, temperature 448 K; ((J) shear
rate 20 s, temperature 493 K; (X) shear rate 100 s,
temperature 448 K; (O) shear rate 100 s, temperature
493 K.

lying on measurements of activation energy of blend
in the reference state. This value practically directly
defines the parameter 6,, and for suitable high shear
rates provides the validity of eq. (37).

The blend viscosity at a constant shear stress
cannot be quantitatively calculated by any of the
methods presented. This is due to the nonlinearity
of the material constant C, discussed above. For
these reasons a suitable plot has not been placed.

FINAL REMARKS

Theoretical analysis and its experimental verifica-
tion show that the free volume theory can be a useful
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tool for predictions of many different properties of
polymers and polymer blends. Experimental data
obtained for iPP-EP /S blends testifies to the va-
lidity of all assumptions presented above if the blend
viscosities are compared at a constant shear rate. In
the case of a constant shear stress, one of the most
important assumptions, i.e., the additivity of ma-
terial constant C for blends in the Doolittle equation
is not satisfied, and therefore the agreement between
experimental and theoretical data is poor. It is not
quite clear, however, whether this assumption ef-
fecting the analytical form of many expressions de-
rived in this paper is generally applicable for any
polymer blend at a constant shear rate and not ap-
plicable at a constant shear stress. Hence, it should
be experimentally proved for other polymer systems.
From the above considerations it follows that a need
for the use of another analytical expression ade-
quately describing C as a function of composition
and properties of blend components would lead to
quite different equations for activation energy of
blend, blend viscosity, etc. This fact should be taken
into account if the proposed method is applied for
description of rheological and thermal properties of
any system.
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